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Abstract
Non-vanishing Ue3 has been theoretically related to a certain flavor symmetry breaking in the
neutrino sector. We propose a scenario to break the µ − τ symmetry so as to accommodate the
non-vanishing Ue3. Our scenario is constructed in the context of a seesaw model, and the µ − τ
symmetry breaking is achieved by introducing a CP phase in the Dirac Yukawa matrix. We also
show how the deviation of θ23 from the maximal mixing and non-vanishing Ue3 depend on the
CP phase. Neutrino mixings and the neutrino mass-squared differences are discussed, and the
amplitude in neutrinoless double beta decay mee are also predicted. We found that a tiny breaking
of the µ− τ symmetry due to mass splitting between two degenerate heavy Majorana neutrinos on
top of the Dirac CP phase can lead to successful leptogenesis. We examine how leptogenesis can
be related with low energy neutrino measurement, and show that our predictions for Ue3 and mee
can be constrained by the current observation of baryon asymmetry.
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I. INTRODUCTION
Thanks to the recent precise neutrino experiments, we now have robust evidences for
the neutrino oscillation. The present neutrino experimental data [1, 2, 3] indicate that the
atmospheric neutrino deficit points toward a maximal mixing between the tau and muon
neutrinos, however the solar neutrino deficit favors a not-so-maximal mixing between the
electron and muon neutrinos. In addition, although we do not have yet any evidence for the
neutrino oscillation arisen from the 1st and 3rd generation flavor mixing, there is a bound
on the mixing element Ue3 from CHOOZ reactor experiment, |Ue3| < 0.2 [4]. Although
neutrinos have gradually revealed their properties in various experiments since the historic
Super-Kamiokande confirmation of neutrino oscillations [1], properties related to the leptonic
CP violation are completely unknown yet. To understand in detail the neutrino mixings
observed in various oscillation experiments is one of the most interesting puzzle in particle
physics. The large value of θsol and θatm may be telling us about some new symmetries of
leptons that are not present in the quark sector and may provide a clue to understanding
the nature of quark-lepton physics beyond the standard model.
Recently, there have been some attempt to explain the maximal mixing of the atmospheric
neutrinos and very tiny value of the 3rd mixing element Ue3 by introducing some approximate
discrete symmetries [5, 6] or the mass splitting among the heavy Majorana neutrinos in
the seesaw framework [7]. In the basis where charged leptons are mass eigenstates, the
µ− τ interchange symmetry has become useful in understanding the maximal atmospheric
neutrino mixing and the smallness of Ue3 [8, 9, 10, 11]. The mass difference between the
muon and the tau leptons, of course, breaks this symmetry in the basis. So we expect this
symmetry to be an approximate one, and thus it must hold only for the neutrino sector at
low energy.
On the other hand, finding non-vanishing but small mixing element Ue3 would be very
interesting in the sense that the element is closely related to leptonic CP violation [12]. If
future neutrino experiments would measure the non-vanishing Ue3 [13], it may indicate from
the afore-mentioned point of view that the µ− τ symmetry must be broken. Motivated by
this prospect, in this paper, we propose a scenario to break the µ − τ symmetry so as to
accommodate the non-vanishing Ue3. Our scenario is constructed in the context of a seesaw
model, and the symmetry breaking is first achieved by introducing a CP phase in the Dirac
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Yukawa matrix. Then, the resultant effective light neutrino mass matrix generated through
seesaw mechanism reflects the µ− τ symmetry breaking, which is parameterized in terms of
the CP phase. The µ− τ symmetry should be recovered in the limit of vanishing CP phase.
In fact, the breaking of the µ− τ symmetry through a CP phase has been also discussed
in Ref. [14], in which the authors have studied the breaking in the framework of the effective
light neutrino mass matrix. In Ref. [11] the breaking has been also achieved through the
heavy Majorana neutrino mass matrix with complex elements, which is completely different
from our scheme. We will study how neutrino mixings and the neutrino mass-squared
difference can be predicted and show how the deviation of θ23 from the maximal mixing and
non-vanishing Ue3 depend on the CP phase in our scenario. The prediction for the amplitude
in neutrinoless double beta decay will be discussed as well. However, it is turned out that
the Dirac CP phase introduced to break the µ − τ symmetry does not lead to successful
leptogenesis, and thus we need a subsidiary source for the lepton asymmetry. We will show
that a tiny breaking of the degeneracy between two heavy Majorana neutrinos, in addition,
can lead to successful leptogenesis without much affecting the predictions of the low energy
neutrino observables. We will also examine how leptogenesis can be related with low energy
neutrino measurement, and show that our predictions for Ue3 and mee can be constrained
by the current observation of baryon asymmetry.
II. NEUTRINO SECTORS WITH µ− τ SYMMETRY
To begin with, let us consider the Lagrangian of the lepton sector from which the seesaw
mechanism works,
Lm = −Y ikν LiNkφ˜− Y il LilRiφ−
1
2
Nk
c
MNkNk + h.c., (1)
where i = e, µ, τ and k = 1, 2, 3. Li, lR, φ, N are SU(2) lepton doublet fields, charged
lepton singlet fields and Higgs scalar, singlet heavy Majorana neutrino, respectively, and
MNk denotes heavy Majorana neutrino masses. Here we take a basis in which both charged
lepton and singlet Majorana neutrino mass matrices are real and diagonal. The neutrino
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Dirac Yukawa matrix with µ− τ symmetry is given in the CP conserving limit by
Yν =


a b b
b c d
b d c

 , (2)
where we assumed that Yν is symmetric. The Majorana mass matrix MN with µ − τ
symmetry is given in the diagonal form by MN = Diag[M1,M2,M2]. Note the degeneracy
of M2 = M3 from the presumed µ − τ symmetry. Later we will discuss the effects of
breaking the mass degeneracy, too. Then, the effective light neutrino mass matrix generated
through seesaw mechanism reflects µ− τ symmetry which in turn leads to maximal mixing
of the atmospheric neutrinos and vanishing mixing angle θ13 in PMNS mixing matrix. In
order to obtain non-vanishing θ13, we have to break µ − τ symmetry appropriately. The
µ−τ symmetry breaking can generally be achieved by imposing splittings between the same
entries in the mass matrices Yν and MN . In this paper, however, we break the symmetry
by introducing a CP phase in the Dirac Yukawa matrix Yν so that the same entries are
distinguishable by the phase. In principle, we can arbitrarily introduce CP phases in the
above Dirac Yukawa matrix to break the symmetry. However, we note that any phases
appearing in (2-3) sub-matrix of the effective light neutrino mass matrix should be small to
satisfy the experimental result of ∆m2sol/∆m
2
atm [14]. In this regard, it is relevant to impose
CP phases in (2,1) and/or (3,1) entries of the Dirac Yukawa matrix while keeping any entries
in (2-3) sub-matrix of the effective light neutrino mass matrix real. For simplicity, we take
the (3,1) entry to include a CP phase. Actually, either choice is turned out to be completely
equivalent. Incorporating a CP phase in (3,1) entry of the Dirac mass matrix, the effective
light neutrino mass matrix through seesaw mechanism is given by
meff = −υ2Y Tν M−1N Yν
= −υ2


a b b
b c d
beiα d c


T
M1 0 0
0 M2 0
0 0 M2


−1
a b b
b c d
beiα d c


= −υ2


a2
M1
+ b
2(1+e2iα)
M2
ab
M1
+ b(c+de
iα)
M2
ab
M1
+ b(d+ce
iα)
M2
ab
M1
+ b(c+de
iα)
M2
b2
M1
+ c
2+d2
M2
b2
M1
+ 2cd
M2
ab
M1
+ b(d+ce
iα)
M2
b2
M1
+ 2cd
M2
b2
M1
+ c
2+d2
M2

 . (3)
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As one can easily see, the non-trivial value of the CP phase α in the mass matrix meff breaks
the µ− τ symmetry.
III. NEUTRINO MIXING ANGLES, A DIRAC CP PHASE AND NEUTRINO
MASS SPECTRUM
First, we consider how the neutrino mixing angles and neutrino mass spectrum can be
predicted in our scenario. As can be expected from the structure of the above meff , in our
model only the normal hierarchical mass spectrum is allowed because the inverted hierarchi-
cal case is achieved only when the off-diagonal elements in heavy Majorana neutrino mass
matrix are dominant [15], which is in contrast with the case of our model. Furthermore,
considering the normal hierarchy and the maximality of the atmospheric neutrino mixing,
one can expect the following hierarchical structure among the elements of the effective light
neutrino mass matrix:
|mµτ,µµ,ττ | ≫ |meµ,eτ | ≫ |mee|. (4)
In terms of the light neutrino mass eigenvalues mi, the above condition (4) leads to
|m3| ≃ |(meff)22 − (meff)23| ≫ |m2| ≃ |(meff)22 + (meff)23|,
and then we get the following relations in terms of our parameters appeared in Eq. (3):
2|cd|
M2
≫ b
2
M1
, cd < 0 , (5)
|a| ≪ |b| ≪ |c| ∼ |d| , (6)
where the degree of the hierarchy in Eq. (6) will depend on that of the heavy Majorana
masses M1 and M2. Introducing new parameters from the ratios among the parameters
given in Eq. (3),
m0 ≡ υ2 d
2
M2
, η ≡ M1
M2
, ρ ≡ a
d
, ω ≡ b
d
, κ ≡ c
d
, (7)
we can re-parameterize the neutrino mass matrix meff as follows:
meff = m0


ρ2
η
+ (e2iα + 1)ω2 ρω
η
+ (κ+ eiα)ω ρω
η
+ (1 + κeiα)ω
ρω
η
+ (κ+ eiα)ω ω
2
η
+ 1 + κ2 ω
2
η
+ 2κ
ρω
η
+ (1 + κeiα)ω ω
2
η
+ 2κ ω
2
η
+ 1 + κ2

. (8)
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Depending on the hierarchy of the heavy Majorana neutrino massesM1 andM2, the relative
sizes of the new parameters consistent with the normal hierarchy of the neutrino mass
spectrum and the hierarchy of ∆m2sol and ∆m
2
atm can be classified as follows:
Case 1 (M2 ≫M1) : 1≫ η ∼ |κ|η≫ ω or 1≫ ω ≫ η|κ| ∼ η ≫ ηω,
Case 2 (M2 ≃M1) : 1 ∼ η ∼ |κ|η ≫ ω, (9)
Case 3 (M2 ≪M1) : η ≫ |κ| ≫ ω.
Note that κ is negative as can be seen in the relation (5), and the quantity ρ/η is very small
compared to the other ones in meff . For numerical purpose, we consider the case of ρ = 0
without a loss of generality. Then the neutrino mass matrix meff is simplified as
meff = m0


(e2iα + 1)ω2 (κ+ eiα)ω (1 + κeiα)ω
(κ+ eiα)ω ω
2
η
+ 1 + κ2 ω
2
η
+ 2κ
(1 + κeiα)ω ω
2
η
+ 2κ ω
2
η
+ 1 + κ2

 ≡


p˜ q˜ q˜′
q˜ r s
q˜′ s r

, (10)
where the complex variables are distinguished by the tilde. This neutrino mass matrix is
diagonalized by the PMNS mixing matrix UPMNS, U
T
PMNSmeffUPMNS = Diag[m1, m2, m3],
where mi (i = 1, 2, 3) indicates the mass eigenvalues of light Majorana neutrinos. But, we
diagonalize the hermitian matrix m†effmeff [16, 17] instead, so that we can easily obtain the
mixing angles and phases appeared in UPMNS in terms of the parameters appeared in Eq.
(10),
m†effmeff = UPMNS Diag(m
2
1, m
2
2, m
2
3) U
†
PMNS ≡


A B˜ C˜
B˜∗ D E˜
C˜∗ E˜∗ D

, (11)
where
A = |p˜|2 + |q˜|2 + |q˜′|2, B˜ = p˜∗q˜ + q˜∗r + q˜′∗s, C˜ = p˜∗q˜′ + q˜∗s+ q˜′∗r,
D = |q˜|2 + r2 + s2, E˜ = q˜∗q˜′ + 2rs. (12)
Here we note that A and D are real. Then, the straightforward calculation with the standard
parametrization of UPMNS leads to the expressions for the masses and mixing parameters
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[17]:
m21,2 =
λ1 + λ2
2
∓ c23Re(B˜)− s23Re(C˜)
2s12c12c13
, m23 =
c213λ3 − s213A
c213 − s213
, (13)
tan θ23 =
Im(B˜)
Im(C˜)
, tan 2θ12 = 2
c23Re(B˜)− s23Re(C˜)
c13(λ2 − λ1) , tan 2θ13 = 2
|s23B˜ + c23C˜|
λ3 − A ,(14)
tan δ = − 1
s23
Im(B˜)
s23Re(B˜) + c23Re(C˜)
, (15)
with
λ1 = c
2
13A− 2s13c13|s23B˜ + c23C˜|+ s213λ3, λ2,3 = D ∓ 2s23c23Re(E˜). (16)
As can be seen from Eqs. (10-16), three neutrino masses, three mixing angles and a CP
phase are presented in terms of five independent parameters m0, ω, κ, η, α. At present, we
have five experimental results, which are taken as inputs in our numerical analysis given at
3σ by [18],
28.7◦ < θ12 < 38.1
◦, 35.7◦ < θ23 < 55.6
◦, 0◦ < θ13 < 13.1
◦,
7.1 < ∆m221[10
−5eV2] < 8.9, 1.4 < ∆m231[10
−3eV2] < 3.3. (17)
Imposing the current experimental results on neutrino masses and mixings into the above
relations (13-16) and scanning all the parameter space {m0, ω, κ, η, α}, we investigate how
those parameters are constrained and estimate possible predictions for other phenomena
such as neutrino-less double beta decay and leptonic CP violation.
Let us discuss the numerical results focusing on the three cases given in (9). As a result
of the numerical analysis concerned with the mixing angle θ12, we found that the Case 1
(M2 ≫ M1) is ruled out mainly because we get a very small θ12 for all the parameter space in
this case. So, we will focus on Case 2 and Case 3. In Fig. 1, we show the parameter regions
constrained by the experimental results given in Eq. (17) for η = 1. The two figures present
how the parameter κ can be constrained depending on the parameter ω and the phase α,
respectively. The allowed range of m0 is turned out to be 10
−3 ∼ 10−2 eV. In Fig. 2, we
show the same constrained parameter regions for Case 3. Here we fix η = 1000, however,
we found that the dependence of η on the allowed regions of the other parameters is very
weak as long as η ≥ 10.
We note that the most severe constraint for the parameters comes from the solar mixing
angle θ12. To see how the solar mixing angle constrain the parameters, it is useful to consider
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FIG. 1: Allowed parameter regions by the 3σ experimental constraints in Eq. (17) of Case 2
(M2 ≃M1) in Eq. (9). Here we take η = 1.
the approximate form of θ12 in the limit of maximal θ23 and tiny θ13, which is given by
tan 2θ12 ≃
2
√
2(1 + κ)ω cos2 α
2
{(1 + κ)2 + 2ω2
η
+ 2ω2 cosα}
(1 + κ)4 + (κ− 1)2ω2(cosα− 1) + 4(1 + κ)2 ω2
η
+ 4ω
4
η2
. (18)
Based on the above expression, let us discuss the predictions of the mixing angle θ12 case by
case classified in (9).
• For Case 2, the solar mixing angle is further approximated:
tan 2θ12 ≃
2
√
2(1 + κ)ω cos2 α
2
{(1 + κ)2 + 2ω2(1 + cosα)}
(1 + κ)4 + (κ− 1)2ω2(cosα− 1) + 4ω2{(1 + κ)2 + ω2} . (19)
As can be seen in Fig. 1, the current experimental values of θ12 are achieved only
when the condition |1 + κ| ∼ |ω| is satisfied. Due to this condition, it appears that
two allowed regions are separated in Fig. 1.
• For Case 3, the expression for θ12 is further simplified as
tan 2θ12 ≃
2
√
2(1 + κ)ω cos2 α
2
{(1 + κ)2 + 2ω2 cosα}
(1 + κ)4 + (κ− 1)2ω2(cosα− 1) . (20)
In this case we found that only the parameter regions leading to |1 + κ| ≥ |ω| are
allowed by the result from the solar neutrino experiments.
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FIG. 2: Allowed parameter regions by the 3σ experimental constraints in Eq. (17) for Case 3
(M1 ≫M2) in Eq. (9). Here we take η = 1000.
FIG. 3: Predictions of m0 over allowed parameter regions by the 3σ experimental constraints in
Eq. (17) for (a) Case 2 and (b) Case 3 in Eq. (9).
• For vanishing phase α = 0, we can easily see that θ23 = pi4 , θ13 = 0 and tan 2θ12 =
2
√
2ω(1+κ)
(1+κ)2+2ω2( 1
η
−1) , which can be consistent with the result of the solar neutrino experi-
ments. However, α = pi is not allowed because it would result in θ12 = 0 as can be
seen from Eq. (20).
In Fig. 3, we present the prediction of the parameter m0, which determines the overall
mass scale of the light neutrinos, as a function of α for η = 1 (1000). Combining the allowed
regions for the parameters κ and ω shown in Fig. 1 and Fig. 2, m0 in our model is turned out
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FIG. 4: Predictions of |Ue3| over allowed parameter regions by the 3σ experimental constraints in
Eq. (17) for (a) Case 2 and (b) Case 3 in Eq. (9). The horizontal solid (dotted) lines are 3σ (2σ)
upper bounds, respectively.
to be of order 10−3 ∼ 10−2 eV, which is around the atmospheric scale m0 ∼
√
∆m2atm/2 as
expected from the fact that our scenario is relevant for the normal hierarchical light neutrino
mass spectrum.
Next, we consider how our scenario predicts the sizes of θ13 and Dirac phase δ. In Fig. 4,
we show the predictions of |Ue3| as a function of the phase α for Case 2 and Case 3. The
horizontal solid (dotted) lines correspond to the experimental bound on θ13 from CHOOZ
experiment at 3σ (2σ) C.L., respectively. For Case 2, |Ue3| is predicted well below the current
bound. Thus, the current experimental bound on θ13 does not constrain the parameter space.
Contrary to Case 2, Fig. 4(b) shows that the experimental bound on θ13 can constrain the
parameter regions for Case 3. We remark that we have cut the points above the 3σ bound
in Fig. 4(b). In the parameter regions leading to the best-fit points of the neutrino mixing
angles, we obtain the following approximate expressions for Ue3 and the phase angle δ of
UPMNS:
|Ue3| ≃ ω|κ− 1|
√
1− cosα, (21)
sin δ ≃ − cos α
2
. (22)
Interestingly enough, we see that the non-vanishing |Ue3| depends on the non-trivial value
of α and it is also related with the phase δ. These approximate expressions are the same as
those given in Ref. [14].
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FIG. 5: Predictions for the effective mass mee for the neutrinoless double β-decay over allowed
parameter regions by the 3σ experimental constraints in Eq. (17) for (a) Case 2 and (b) Case 3 in
Eq. (9).
The atmospheric mixing angle θ23 is also deviated from the maximal mixing. The devia-
tion is approximately given by
θ23 − pi
4
≃ (1− κ
2)
4κ(1 + κ2)
ω2 sin2
α
2
. (23)
We see from the above expression that the atmospheric neutrino mixing goes to maximal
for α = 0, and the parameter regions consistent with the solar neutrino and CHOOZ ex-
periments indicate that the deviation from maximality of the atmospheric mixing angle so
small that it is well below the experimental limit of θ23.
Now let us consider the neutrinoless double beta decay which is related with the absolute
value of the ee-element of the light neutrino mass matrix and is approximately given in our
scenario by
|〈mee〉| ≃ |m0(e2iα + 1)ω2|
= m0ω
2
√
2(1 + cos 2α). (24)
As can be seen in the above equation, mee vanishes for α = pi/2 or 3pi/2 in our model. In
Fig. 5, we show the predictions for mee as a function of the phase α. Case 2 predicts larger
mee than Case 3, and even gives lower limits, mee > 0.003 eV.
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IV. LEPTOGENESIS
We now consider how leptogenesis can work out in our scenario. For the decay of a heavy
Majorana neutrino Ni, the CP asymmetry generated through the interference between tree
and one-loop diagrams is given by [19, 20]:
CP Asymmetry: εi =
Γ(Ni → lϕ)− Γ(Ni → lϕ†)
Γ(Ni → lϕ) + Γ(Ni → lϕ†)
=
1
8pi
∑
k 6=i
Im[YνY
†
ν ]
2
ik
(YνY
†
ν )ii
f˜(
M2k
M2i
),
where Mi denotes the heavy Majorana neutrino masses and the loop function f˜(xi) contain-
ing vertex and self-energy corrections is
f˜(x) =
√
x
(
(1 + x) ln
x
1 + x
+
2− x
1− x
)
. (25)
We note that the asymmetry ε1 due to the decay of the heavy Majorana neutrino N1 vanishes
because the CP phase does not show up in the relevant terms due to ρ = 0:
Im[YνY
†
ν ]
2
i1 = Im[YνY
†
ν ]
2
1i = 0. (26)
In fact, non-vanishing but small ρ (≡ a/d), whose size is constrained by neutrino data, can
lead to non-zero ε1. However, the numerical value of lepton asymmetry generated from
non-vanishing [YνY
†
ν ]
2
i1 is still too small for successful leptogenesis.
Since there are no contributions of N1 to ε2(3) due to Eq. (26), the lepton asymmetry
can be generated only in case that the degeneracy between N2 and N3 is broken. And
quasi-degeneracy is still desirable because it does not much affect the results for low energy
neutrino observables obtained in sec. III. We find that even a tiny mass splitting between
N2 and N3 on top of the µ − τ symmetry breaking through the Dirac CP phase can lead
to successful leptogenesis. We expect that lepton asymmetry is resonantly enhanced in our
case [21, 22]. For convenience, we introduce a parameter δN representing the degree of
degeneracy as follows:
δN ≡ M3 −M2
M2
. (27)
Since δN is taken to be very small, the CP asymmetries ε2(3) are approximately given by
ε2 ≃ −1
16pi(YνY
†
ν )22
{
Im[(YνY
†
ν )
2
23]
δN
}
,
ε3 ≃ 1
16pi(YνY
†
ν )33
{
Im[(YνY
†
ν )
2
32]
δN
}
, (28)
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FIG. 6: Predictions for the CP asymmetry ǫ for resonant leptogenesis over allowed parameter
regions by the 3σ experimental constraints in Eq. (17) for (a) Case 2 and (b) Case 3 in Eq. (9).
The dependence on d(or M2) and δN is proportional to each other, that is, this figure corresponds
to M2 = 10
10(GeV) with δN = 10
−2 or M2 = 108(GeV) with δN = 10−4, etc.
where we have used f˜ [(1 + δN )
±2] ≃ ∓(1/2δN) for δN ≪ 1 [22]. The relevant Yukawa terms
in our scenario are as follows,
(YνY
†
ν )22(33) = d
2(1 + κ2 + ω2),
Im[(YνY
†
ν )
2
23] = −2d4ω2(2κ+ ω2 cosα) sinα,
Im[(YνY
†
ν )
2
32] = 2d
4ω2(2κ+ ω2 cosα) sinα, (29)
and then the resulting CP asymmetries are given by
ε2 = ε3 ≃ 1
8pi
d2ω2(2κ+ ω2 cosα) sinα
δN(1 + κ2 + ω2)
. (30)
In this expression, the values of the parameters ω, κ, α are determined from the analysis
described in sec. III, whereas δN and d are arbitrary. However, since d
2 = m0M2/v
2 as
defined in Eq. (7), the value of d depends on the magnitude of M2 in the case that m0
is determined as before. Thus, in our numerical analysis, we take M2 and δN as input in
the estimation of lepton asymmetry. Here, we note that although δN and M2 are taken to
be independent parameters in our analysis, the predictions of the lepton asymmetry ε2(3)
depends only on the quantity M2/δN . In Fig. 6, we show the predictions of the total lepton
asymmetry for the specific values of δN and M2. It is likely from Eq. (30) that one could
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arbitrarily enhance the asymmetry by lowering δN . However, the value of δN is constrained
from the validity of the perturbation. In order for the perturbative approach to be valid,
the tree-level decay width Γi must be much smaller than the mass difference:
Γi =
[YνY
†
ν ]ii
8pi
Mi ≪M3 −M2 = δNM2, i = 2, 3. (31)
Numerically, our model requires δN ≫ 10−7 for M2 = 1010 GeV, and so the maximum
degeneracy or the minimum δN in our scenario could be
δminN ∼ 10−6 ×
(
M2
1010 GeV
)
. (32)
Now, let us study how we can achieve successful baryon asymmetry in our model. Actu-
ally, the resulting baryon-to-photon ratio can be estimated as
ηB ≃ 10−2
∑
i
εi · κi (33)
where the efficiency factor κi describe the washout of the produced lepton asymmetry εi.
The efficiency in generating the resultant baryon asymmetry is usually controlled by the
parameter defined as
Ki ≡ Γi
H
=
m˜i
m∗
, (34)
where Γi is the tree-level decay width of Ni andH is the Hubble constant. Here, the so-called
effective neutrino mass, m˜i is
m˜i =
[mDm
†
D]ii
Mi
, (35)
and m∗ is defined as
m∗ =
16pi
5
2
3
√
5
g
1
2∗
υ2
MPlanck
≃ 1.08× 10−3 eV, (36)
where we adopted MPlanck = 1.22×1019 GeV and the effective number of degrees of freedom
g∗ ≃ g∗SM = 106.75. Although most analyses on baryogenesis via leptogenesis conservatively
consider Ki < 1, much larger values of Ki, even larger than 10
3, can be tolerated [23]. Using
the expression of m˜i in terms of our parameters defined above,
m˜i = m0(1 + κ
2 + ω2), (37)
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FIG. 7: Predictions for the baryon asymmetry ηB over |Ue3| for (a) Case 2 and (b) Case 3 in
Eq. (9). Here we take δN = 10
−6 and M2 = 3× 106(GeV). The two horizontal lines are the current
bounds from the CMB observations [25].
we find that our scenario resides in so-called strong washout regime with
20 . Ki . 30. (38)
So, for numerical calculations, we adopt an approximate expression of the efficiency factor
applicable for large Ki [24],
κi ≈ 0.3
Ki(lnKi)0.6
. (39)
In Fig. 7, we present the predictions for ηB over |Ue3| for a sufficient degeneracy, δN =
10−6, and rather light M2 = 3 × 106 GeV. The two horizontal lines are the current bounds
from the CMB observations [25], ηCMBB = (6.3 ± 0.3)× 10−10 [26]. As shown in Fig. 7, the
current observation of ηCMBB can narrowly constrain the value of |Ue3|. Combining the results
presented in Fig. 4 with those from leptogenesis, we can pin down the CP phase α, from
which the predictions of mee and ε are constrained, as can be seen from Fig. 5. For example,
if |Ue3| is determined to be around |Ue3| ∼ 0.1, the CP phase α should be around 45◦, which
in turn leads to 0.003 (0.0025) ≤ mee ≤ 0.008 (0.0035) for Case 2 (3).
V. REMARKS AND CONCLUSIONS
In order to achieve leptogenesis, we have demanded the breaking of degeneracy M2 = M3
in heavy Majorana mass spectrum. The lift of the degeneracy between N2 and N3 leads
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to the µ − τ symmetry breaking in the effective light neutrino mass matrix on top of the
breaking due to nontrivial CP phase. Although tiny breaking of the µ − τ symmetry is
enough for successful leptogenesis, its breaking effect may affect our predictions for neutrino
masses and mixing described in sec. III. The most severe influence can be happened in
the prediction of non-vanishing θ13. So, let us estimate how much it can be affected by δN
demanded for successful leptogenesis. Taking MN = Diag[M1,M2,M3] and imposing α = 0
in Eq. (3), we obtain
θ13 ≃ ω(κ− 1)√
2(ω2 − (κ−1)2
2
)
M3 −M2
M3 +M2
. (40)
Using the allowed regions of the parameters κ and ω shown in in Figs. 1 and 2, we estimate
that
θ13 < 0.2δN . (41)
So, we find that the θ13 generated by the generic µ− τ symmetry breaking is less than 0.2◦
even for δN = 10
−2, which does not hurt the analysis for the neutrino masses and mixing
described in sec. III. Although the mass splitting δN and the phase angle α are totally
independent in our consideration, both can generate the non-zero θ13 as shown in Eqs.
(21,40). However, as explained above and in Fig. 4, the allowed ranges of the parameter
space are quite different, i.e. θ13 < 13
◦ from α and θ13 ∼ 0◦ from δN .
Finding non-vanishing but small mixing element Ue3 would be very important in the
near future mainly because of completeness of neutrino mixing and possible existence of
leptonic CP violation. Theoretically, non-vanishing Ue3 may be related with a certain flavor
symmetry breaking in the neutrino sector. In this paper, we proposed a new scenario
to break the µ − τ symmetry so as to accommodate the non-vanishing Ue3 while keeping
maximal mixing for atmospheric neutrinos. Our scenario is constructed in the context of
a seesaw model, and the symmetry breaking is achieved by introducing a CP phase in the
Dirac Yukawa matrix. Then, the resultant effective light neutrino mass matrix generated
through seesaw mechanism reflects the µ− τ symmetry breaking which is parameterized in
terms of the CP phase, and the µ − τ symmetry is recovered in the limit of vanishing CP
phase. We discussed how neutrino mixings and the neutrino mass-squared differences can be
predicted and showed how the deviation of θ23 from the maximal mixing and non-vanishing
Ue3 depends on the CP phase in our scenario.
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The prediction for the amplitude in neutrinoless double beta decay has been also studied.
However, the Dirac CP phase introduced to break the µ − τ symmetry does not lead to
successful leptogenesis. We found that a tiny breaking of the degeneracy between two
heavy Majorana neutrinos on top of the µ − τ symmetry breaking through the CP phase
can lead to successful leptogenesis without much changing the results for the low energy
neutrino observables. We also examined how leptogenesis can successfully work out and
be related with low energy neutrino measurement in our scenario, and showed that our
predictions for the neutrino mixing can be severely constrained by the current observation
of baryon asymmetry. Future measurement for Ue3 would play an important role of test of
our scenario and provide us with some indication on baryon asymmetry in our Universe.
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